A source model for generation of fricative sounds and its implementation in an articulator synthesizer is described. The source model, which is implemented in the time-domain, is b=ed on Howe's reformulation of the acoustic analogy, It specifies the source m a function of flow conditions and the geometry of the vocal tract downstream from a constriction where a turbulent jet is formed. This is accomplished by combining elements of aeroacoustic theory and a model for jet behavior with a traditional model for wave propagation in the vocal tract, Using this formulation, the correct source strength, impedance, and spectrum are inherent aspects of the model and can be determined through post-processing. An analysis of the source model's behavior is presented for a simple geometry.
INTRODUCTION
Traditional methods for speech synthesis have been based on solution of a quasi-one-dimensional form of the wave equation called the !Vebster equation. This approach closely approximates acoustic propagation in the vocal tract while largely neglecting the effects of convective motion (flow). As a result, a remarkable level of success has been achieved synthesizing sounds for which flow effects are minimal, most notably vowels (see, for example, [1] , [3] and [5] ). However, the sound production mechanism for fricatives is a flow-induced effect. In order to synthesize fricatives within the traditional framework, the linear-acoustic model must be supplemented with an external model for fricative generation. The standard approach has become the ad hoc insertion of band-p~sed noise near the constriction location [1, 5] . Although attempts have been made to ascertain information regarding the source spectrum, location, and impedance which are needed for this approach [4], a technique for automatic generation of noise with appropriate characteristics remains to be established for speech synthesis.
This research aims to address this shortcoming by (1) describing the physical production mechanism for the fricative sound source in terms of aeroacoustic theory, and (2) implementing a model for this mechanism in an articulator speech synthesizer. The result is a fricative model which specifies the source as a function of flow conditions and the geometry of the vocal tract downstream from a constriction where a turbulent jet is formed. The model automatically produces a source with the appropriate strength, spectrum, location, and impedance, all of which can be determined through post-processing.
SOURCE MODEL
The source model is based on Howe's reformulation of Lighthill's acoustic analogy [2] . Most pertinent to the development of a fricative model is the fact that Howe's reformulation generalizes Lighthill's theory to describe the sound source produced by vertical flow inhomogeneities (e.g., turbulence) convected in an irrotational mean flow through a variable geometry duct. Such flows are closely akin to the flows in speech fricatives. Howe shows that, for a non-uniform tube, the pressure at the tube outlet can be expressed as
where c is the speed of sound, A is the area of the duct, w is vorticity, v is eddy velocity, and U is the velocity of the irrotational mean flow (or potential flow). The square brackets indicate evaluation at the retarded time t -z/c for an eddy a distance z from the tube outlet. From this expression, it can be seen that in order to approximate the sound source, the source strength (w x v U) must be estimated. To that end, models are developed for the turbulent jet (to specify w and v) and the potential flow (to specify U). The jet model specifies the formation and dissipation of vertical fluid elements as well as their strength and path. The potential flow model specifies the magnitude and direction of the irrotational mean flow as a function of vocal tract geometry. Therefore, the source model is dependent on both jet structure and geometry. To implement the source model in a speech synthesizer, it is combined with a traditional linear-acoustic model for wave propagation to obtain a complete description of fricative sound generation and propagation. Validation of the model and its implementation is being carried out through comparison with measurements on a physical aeroacoustic flow facility (see M. I{rane, et al. in this proceedings).
ANALYSIS OF SOURCE MODEL BEHAVIOR
To illustrate the behavior of the source model, the simple case of a single vortex with constant strength and velocity passing an obstruction in an otherwise uniform duct is presented. Figure 1 shows the (continuous and discretized) geometry -flow is from left to right. For this example, a 1200cm/s jet is specified as flowing through a 0.7cm2 inlet opening. For illustrative purposes, the following analysis is presented for a line vortex above the axis of symmetry in a 2-D geometry; a mirror image line vortex exists below the axis, but is not described.
.4 single vortex is shed at the inlet at the same height as the inlet opening. The vortex convects at .
one-half of the jet velocity, parallel to the longitudi-: . nal =is. Since the vorticity vector points out from the plane of the paper and v is parallel to the ge-!0 ometry axis, the term (w x v) points upwards in the -. radial direction. . .
The potential flow essentially follows a smooth .eo=:a~,o, =,.d ,s ,m geometry contour. Near the inlet, U is perd,-,-me-,.0-i",e, {Cm, pendicular to (w x v) -the dot product of Figure 1 : Geometry for analysis c=e, Flow is from these terms is zero. left to right.
As the vortex approaches the constriction, the angle between these terms increases, resulting in incremingly negative source strengths. In the section with minimum area (section 6), the potential flow is again parallel to the axis as it is squeezed through the constriction. Thus, the source strength in this region is zero. At the constriction exit, the angle between (w x v) and U is very small, so the source strength rapidly incremes. Then, progressively incre~ing angles are encountered until the two vectors are perpendicular again. Figure 2 shows the source pressure as a function of time and geometry section w the vortex convects pwt the obstacle. The geometry sections are numbered increasingly from left to right. Sections 1, 2, and 10-17 are all 5cm2 and essentially do not contribute to the source. The remaining sections (3-9) form the constriction. The discontinuities in source strength from one section to the next are do to discontinuities in the potential flow angle w computed by the potential flow model. This problem is currently being addressed by making improvements to the potential flow model. Figure 3 shows the pressure recorded at the outlet resulting from this single vortex experiment. 
